The Wnt signaling pathway was originally uncovered as one of the prototype developmental signaling cascades in invertebrates as well as in vertebrates. The first indication that Wnt signaling also plays a role in the adult animal came from the study of the intestine of Tcf-4 (Tcf7L2) knockout mice. The gastrointestinal epithelium continuously self-renews over the lifetime of an organism and is, in fact, the most rapidly self-renewing tissue of the mammalian body. Recent studies indicate that Wnt signaling plays a central role in the biology of gastrointestinal stem cells. Furthermore, mutational activation of the Wnt cascade is the principle cause of colon cancer.
T he human stomach consists of the corpus and the pyloric antrum (Fig. 1A) , segments with discrete functional properties (Karam 1999) . Hydrochloric acid and zymogens are secreted in the corpus, whereas cells in the pyloric antrum mainly secrete mucus and gastric hormones. Like the intestine, the gastric epithelium has a glandular structure and is constantly renewed by progeny of stem cells. Tubular-shaped mucosal invaginations called gastric units consist of a pit and gland region, where the gland can be further subdivided into the isthmus, neck, and base. Each pit branches into a number of glands. The composition of the gastric units differs between the corpus and the pyloric antrum. The corpus has short pits and long glands (Fig. 1D) , which contain a variety of surface mucous cells, parietal cells secreting acid and intrinsic factor, chief cells with zymogen granules, and hormonesecreting endocrine cells (Karam and Leblond 1992) . Glands of the pyloric antrum are short and feed into a long pit (Fig. 1C) . Pyloric units mainly consist of mucous cells, enteroendocrine cells, and occasional acid-secreting cells (Lee and Leblond 1985) . In the corpus, mucus-secreting cells migrate from the gland to the surface epithelium, where they live for 3 days. Parietal cells live for 2 months and migrate bidirectionally toward the surface and the base of the gland. Chief cells migrate to the base of the gland and live for 6 months (Karam 1993; Karam and Leblond 1993a,b) .
There is one major difference between the human and mouse stomach, i.e., the presence of a forestomach in the latter. The rodent forestomach epithelium resembles that of the esophagus or the epidermis of the skin, i.e., it is a keratinizing stratified epithelium.
THE INTESTINE
The intestinal wall consists of three main layers. The outer layer contains smooth muscle cells responsible for peristaltic movement of the stool toward the anus (Leedham et al. 2005) . The middle layer of connective tissue, the stroma, holds many nerves and lymphatic vessels, whereas the inner layer is made up of a simple epithelium, i.e., a one-cell-layer epithelial sheet. Anatomically and functionally, the intestinal tract consists of the small intestine (duodenum, jejunum, and ileum) and the colon. The small intestine is mainly dedicated to nutrient absorption, whereas the colon mainly functions to resorb water. This functional difference is reflected by the structure and composition of the epithelium. The small intestinal epithelium is organized in a glandular structure with crypts and fingerlike structures called villi that maximize the exchange surface. Villi are composed of a mixture of differentiated cells: absorptive enterocytes, mucus-secreting goblet cells, hormone-producing enteroendocrine cells, secretory tuft cells (Gerbe et al. 2011) , and cup cells with unknown function (Madara 1982) . The colon contains crypts, but has a flat surface epithelium rather than villi. In accordance with their function, absorptive enterocytes are most abundant in the proximal small intestine, whereas mucus-secreting goblet cells are most abundant in the distal part of the small intestine and colon, reflecting the need for lubrication after water resorption from the stool. All epithelial cells derive from progenitor cells in the proliferative crypts. A mouse intestine contains about a million crypts, each of which generates approximately 300 new cells per crypt per day (Hagemann et al. 1970) . The driving force behind this renewal are the intestinal stem cells that are located at the crypt base and divide on average once per day (Potten et al. 1990; Barker et al. 2007 ). They give rise to a pool of transitamplifying cells that divide every 12-16 h, gradually migrate upward, and differentiate to fuel the villi with mature functional cells. Being pushed up by the newly generated cells, these cells keep migrating to the tops of the villi, where they eventually undergo apoptosis and are shed into the lumen. Paneth cells of the small intestine do not follow this migration pattern. They remain at the bottom of the crypt where they reside for 6-8 weeks and classically are believed to regulate the local microbial environment by secreting antimicrobial peptides and lysozyme (Bjerknes and Cheng 1981a,b; Ireland et al. 2005) .
Wnt SIGNALING CONSTITUTES THE MAJOR DRIVING FORCE BEHIND HOMEOSTATIC SELF-RENEWAL OF THE CRYPT
The Wnt signaling pathway was originally uncovered as one of the prototype developmental signaling cascades in invertebrates as well as vertebrates (Cadigan and Nusse 1997) . The first indication that Wnt signaling also plays a role in the adult came from the study of Tcf-4 (Tcf7L2) knockout mice (Korinek et al. 1998) . At birth, Tcf7L2 2/2 mice lack proliferative stem cells in the prospective crypt regions ("intervillus pockets") between villi. Subsequent studies documented similar roles for Wnt signaling in other adult stem cell compartments, such as the skin and bone marrow (Reya and Clevers 2005) . Later it was shown that loss of Wnt signaling by genetic deletion of b-catenin (Fevr et al. 2007) or through inhibition of Wnt receptors by recombinant Dkk1 (Pinto et al. 2003; Kuhnert et al. 2004 ) resulted in complete ablation of intestinal crypts in the adult mouse. A complete inventory of the expression of Wnt receptors and ligands in the murine intestine is given in .
Wnt signals affect cell-fate determination in the small intestine. In addition to proliferative defects, Tcf7L2 2/2 mice lack enteroendocrine cells (Korinek et al. 1998) , whereas inhibition of Wnt by Dkk1 results in loss of secretory lineages (Pinto et al. 2003) . A more recent study found that Wnt is necessary for the development of early secretory progenitors, but not required for the differentiation and maturation of enteroendocrine precursors ). Paneth cells at the base of the crypt receive abundant Wnt signals, have high levels of nuclear b-catenin, but do not proliferate. Rather, these postmitotic cells use Wnt signals for their terminal differentiation (Andreu et al. 2005; van Es et al. 2005) . This is at least in part mediated through the Wnt target gene Sox9. Conditional knockout of this transcription factor resulted in a loss of Paneth cells, increased cell proliferation in the crypts, and an increased number of cells expressing c-Myc (Bastide et al. 2007; MoriAkiyama et al. 2007) .
Nuclear b-catenin is highest in cells at the base of the crypt, implying that a Wnt gradient exists along the crypt axis (Kongkanuntn et al. 1999; van de Wetering et al. 2002) . Indeed, geneexpression analysis of horizontally dissected human colon samples showed the highest expression of the Wnt target program in the base of the crypts and a gradual decrease toward the top (Kosinski et al. 2007) . The Wnt gradient is believed to control the spatial organization of the epithelium. For example, EphB2 and B3, wellknown sorting receptors, are Wnt target genes. Their expression follows the Wnt gradient, i.e., they are highest at the crypt bottom. Their ligands, e.g., EphrinB1, are expressed in an opposite fashion, i.e., highest on the villi. Repulsive forces between EphB receptors and Ephrin ligands position cells along the crypt-villus axis. This is particularly evident for Paneth cells that uniquely express EphB3. In EphB3 mutant mice, Paneth cells do not occupy the crypt bottom but are scattered along the crypt-villus axis .
ACTIVATING MUTATIONS IN THE WNT PATHWAY CAUSE INTESTINAL CANCER
Abnormal Wnt signaling has been associated with cancer in many tissues (Reya and Clevers 2005) . In the majority of sporadic colorectal cancers the adenomatous polyposis coli (APC) gene is mutated (Kinzler and Vogelstein 1996) . Colorectal cancers without APC mutations often have Axin2 mutations (Liu et al. 2000) or activating point mutations in the destruction motif of b-catenin ). The APC gene was identified to be mutated in familial adenomatous polyposis (FAP) patients (Kinzler et al. 1991; Nishisho et al. 1991) . These patients have one defective APC allele and develop colon polyps by loss of heterozygosity (LOH). Polyps are benign but may progress into malignant adenocarcinoma over time by sustaining additional mutations. Loss of APC leads to inappropriate stabilization of b-catenin (Rubinfeld et al. 1996; Korinek et al. 1997) . Overactive Wnt signaling is one of the key events in polyp initiation (Oshima et al. 1997 ), but additional mutations are required to progress into adenocarcinoma. Later stages of tumor progression mainly depend on activation of RAS or inactivation of P53, SMAD4, and PTEN (Fearon and Vogelstein 1990; Janssen et al. 2006; Marsh et al. 2008; Luo et al. 2009 ).
Several mouse models exist for FAP. Of note, mice develop polyps predominantly in the small intestine, whereas FAP patients mainly have polyps in the colon. The first mouse model for FAP (multiple intestinal neoplasia or min) was isolated after random mutagenesis (Moser et al. 1990 ). These mice harbor a mutation in the Apc gene; therefore the strain was called Apc min (Su et al. 1992) . Since then, several Apc mutations have been generated by gene-targeting techniques, e.g., Apc D716 , Apc D1638 , and the hypomorphic alleles Apc neoR and Apc neoF (Fodde et al. 1994; Oshima et al. 1995; Li et al.) . These mice all develop adenomas after LOH, but polyp numbers and the location of eventual tumors are different. Conditional deletion of both copies of a conditional floxed Apc allele in adult animals converted the entire epithelium into "crypt-progenitor-like" cells within days (Sansom et al. 2004 ), a phenomenon dependent on an intact cMyc allele (Sansom et al. 2007 ). In mice with truncated Apc proteins, b-catenin/ T-cell factor (TCF) transcriptional activity inversely correlated with Apc levels. The extent of Wnt activation turned out to be the major factor determining the number of polyps. Analysis of LOH and point mutations in adenomas from colorectal cancer patients provided insight in the diversity of APC mutations (Albuquerque et al. 2002) . The APC protein has seven 20-amino-acid repeats that are involved in the down-regulation of b-catenin. The analysis showed that there is selection for APC genotypes that have one or two repeats left. Based on these findings it was proposed that there is a level of Wnt activity which is "just right" for tumor formation. Such a quantitative nature of Wnt signaling was also described in embryonic development (Kielman et al. 2002) .
From these studies, it was suggested that benign transformation of APC-mutant epithelial cells involves the constitutive expression of a genetic program that is normally involved in self-renewal of crypt (stem) cells. Initial studies pointed to cMyc and CyclinD1 as pivotal players in the transforming Wnt target gene program in colorectal cancer (He et al. 1998; Tetsu and McCormick 1999) . When microarraying became available, the "global" genetic program that is controlled by b-catenin/TCF in colorectal cancer cells was indeed found to resemble the genetic program of the proliferative compartment of the intestinal crypt Sabates-Bellver et al. 2007; van der Flier et al. 2007 ).
INTESTINAL STEM CELLS
The existence of a self-renewing, multipotent stem cell population in adult crypts was first shown by tracking randomly introduced, somatic A. Schepers and H. Clevers mutations (Winton and Ponder 1990; Bjerknes and Cheng 2002) . Clones of cells marked by these sporadic mutations were long-lived and contained all of the different epithelial cell lineages, indicating a common progenitor. Tracking of spontaneous mitochondrial mutations revealed the presence of multiple multipotent cells in adult crypts (Taylor et al. 2003) . Today, it is generally accepted that stem cells reside at the base of the crypt; however, there has been much debate about the exact location of the stem cells. Cells located at the so-called þ4 position between the Paneth cells and the transitamplifying cells were first claimed to be the stem cells. Support for the þ4 cell came from studies based on radiosensitivity and label retention of these cells (Potten et al. 1974) . Several markers, including Bmi1, mTert, and Hopx, have been proposed to mark the þ4 cell (Sangiorgi and Capecchi 2008; Montgomery et al. 2011; Takeda et al. 2011) . Small cycling cells intermingled between the Paneth cells, so-called crypt base columnar (CBC) cells, were proposed as alternative stem cells (Cheng and Leblond 1974) . Later marking studies also hinted at the CBC cells as being the stem cells Cheng 1999, 2002) .
By definition, a stem cell can renew itself and give rise to all the specialized progeny within a given tissue. Two approaches can test this: transplantation of sorted, candidate stem cells into recipient animals, or lineage tracing by genetic marking. The latter approach has been successfully used in identifying Wnt-dependent stem cells in the intestinal tract. To perform lineage tracing, a candidate gene must be identified that-on its own-marks a putative stem cell. By transgenesis or gene-targeting technology, mice can be generated that express an inducible recombinase such as the tamoxifeninducible CreERT2 (Hayashi and McMahon 2002) under the control of the regulatory elements of the candidate gene.
The first study addressing the existence of intestinal stem cells by lineage tracing used the gene encoding the leucine-rich repeat containing G-protein receptor Lgr5 (Gpr49). The global elucidation of the Wnt-driven genomic program was key to the identification of Lgr5 and the subsequent confirmation of CBC cells being ISCs Barker et al. 2007 ). Because Wnt is the driving force behind proliferation in the crypt, multiple individual Wnt target genes were analyzed to identify potential stem cell-specific genes. Whereas most target genes were expressed throughout the crypt, a small set of genes had a more restricted expression . One of these genes, Lgr5, was exclusively expressed in the small cycling CBC cells. With the first molecular marker for CBC cells in hand, several studies were performed to test the stem cell potential of these cells. First, a LacZ (Lgr5 LacZ   ) and an enhanced green fluorescent protein (EGFP) (Lgr5 EGFP-IRES-CreERT2 ; IRES, internal ribosome entry site) knockin were generated to confirm Lgr5 expression in the CBC cells. Then, Lgr5
EGFP-IRES-CreERT2 mice were crossed with a cAMP response element (CRE) -activatable Rosa26
LacZ reporter mouse strain to be able to mark Lgr5-positive cells and follow their offspring ( Fig. 2A-C) . Lgr5-positive cells were shown to generate all different cell types (Fig.  2D,E) of the intestinal epithelium for the lifetime of the mouse. The tracings confirmed the CBC stem cell zone model originally proposed by Bjerknes and Cheng (1981c) . Sorting and gene-expression analysis of Lgr5-EGFP cells revealed that these stem cells express several additional Wnt target genes such as Olfm4 and Ascl2 (van der Flier et al. 2009a,b) . The transcription factor Ascl2 is of particular interest as it appears to function as the master regulator of the intestinal stem cell (van der Flier et al. 2009b ). Culture conditions were subsequently developed that allow the outgrowth of a single small intestinal Lgr5 stem cell to form ever-expanding, self-organizing "miniguts," closely resembling the normal gut epithelium (Sato et al. 2009 ). This three-dimensional organoid culture system is based on EGF and on Rspondin1, a secreted Wnt agonist previously shown to induce crypt hyperplasia in vivo (Kim et al. 2005) . Using this organoid technology it was shown that Paneth cells, which are intermingled with Lgr5 stem cells at crypt bottoms, constitute at least part of the crypt stem cell niche: They produce the essential stem cell growth factors EGF and Wnt3 and carry the Notch ligands Dll1 and Dll4 . Recently, it was reported that hepatocyte growth factor, secreted by stromal myofibroblasts, can enhance b-catenin-dependent transcription and maintain stem cell properties (Vermeulen et al. 2010) .
The Lgr5 stem cells display some unexpected characteristics. Lineage tracing of stem cells using a multicolor reporter showed that they divide symmetrically and compete for essential niche signals (i.e., direct contact with Paneth cells) to maintain stemness (Snippert et al. 2010; Sato et al. 2011) . ISCs that lose contact with Paneth cells lose stemness and differentiate into transit-amplifying cells. Paneth cell numbers remain constant under normal homeostasis, but it is currently unknown how this is regulated. Lgr5 stem cells are never quiescent: they have 
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telomerase activity, which allows them to complete 1000 cell divisions in the lifetime of a mouse (Schepers et al. 2011 ). Many other potential stem cell markers have been reported, although most are only supported by positional information (reviewed by Barker et al. 2010a ). Yet, lineage tracing studies involving CD133 (Zhu et al. 2009 ) and Sox9 (Furuyama et al. 2011) , two genes that mark broader populations in the crypt including CBC cells, have confirmed the Lgr5-based findings. In addition, Bmi1 (Sangiorgi and Capecchi 2008; Tian et al. 2011) and Hopx (Takeda et al. 2011) , both proposed þ4 markers, have been used to trace all cell types in the crypt. Interestingly, Bmi1 þ /Lgr5 2 cells were shown to be able to rescue the intestinal epithelium after deletion of Lgr5 þ stem cells (Tian et al. 2011) . Singlemolecule transcript counting has revealed that Bmi1 expression is coexpressed in CBC cells at lower crypt positions and is nearly constant throughout the crypt axis (Itzkovitz et al. 2011) . Until now the nature of the Bmi1 þ /Lgr5 2 cells remains unclear.
GASTRIC STEM CELLS
At birth, gastric units are polyclonal but they become monoclonal during adulthood (Nomura et al. 1998) . Gastric self-renewal is driven by gastric stem cells (Thompson et al. 1990 ) and as in the small intestine there is some discrepancy about the exact location of the stem cells.
In 1948, studies using incorporation of labeled nucleotides suggested that renewal of gastric cells was driven by one or a few cells in the isthmus of both the corpus and the pyloric antrum (Leblond et al. 1948 ). The first evidence for multipotent stem cells in stomach epithelium came from "inverse tracing" with transgenic Rosa26
LacZ mice. Chemical random mutagenesis resulted in loss of ubiquitous transgene expression at low frequency. LacZ-negative clones were found containing all four gastric cell lineages (Bjerknes and Cheng 2002) . This indicated the existence of a multipotent progenitor/stem cell. Clones consisting of only one lineage were still present 48 weeks after mutagenesis, indicating the presence of long-lived monopotent progenitors. Because the mutations occurred in random cells, the identity of the stem cell could not be determined. Study of inheritance patterns of random mitochondrial mutations revealed that each gastric unit contains more than one multipotent adult stem cell (McDonald et al. 2008) .
These findings position proliferating stem cells in the isthmus, where their direct progeny differentiates and migrates up and down toward the pit and the gland. Although this model is still considered valid for the corpus, new evidence using Lgr5 lineage tracing places multipotent stem cells at the bottom of the gastric units of the pyloric antrum (Barker et al. 2010b) . Using the same strategies as for the intestine, it was shown that Lgr5 marks three to four cells at the bottom of pyloric gastric units. No Lgr5 expression was found in the isthmus. Lineage tracing with Lgr5
LacZ mice showed that Lgr5 cells in the stomach are cycling and give rise to all the gastric cell lineages. Examination of the ultrastructure of Lgr5 cells by electron microscopy showed a large centrally located nucleus, limited basal rough endoplasmic reticulum (ER), apical microvilli, and no secretory granules. Expression profile analysis comparing cells with high Lgr5 expression (Lgr5 hi ) with their assumed daughter cells (Lgr5 lo ) showed an enrichment of Wnt target genes. Culture conditions were developed under which the Lgr5 cells were able to form and maintain in vitro gastric organoids. The "ministomachs" were grown under similar conditions as the previously described intestinal organoids (Sato et al. 2009 ), but had an additional dependence on Wnt3a for growth and required FGF10 for budding into multiunit structures. The gastric organoids expressed Lgr5 and several gastric epithelial markers, however, no pit or enteroendocrine cells were observed. Differentiation toward these cell lineages did occur after reduction of the Wnt3a concentration (Barker et al. 2010b) .
Work with a Villin-Cre transgenic mouse has revealed an independent stem cell population: rare progenitor cells at or just below the isthmus and in the base of antral glands (Qiao et al. 2007) . These cells were shown to be quiescent under normal homeostatic conditions, but were able to divide on stimulation with the cytokine interferon g. The reactivation subsequently gave rise to all lineages of antral glands. The fact that all gastric cells, including the quiescent stem cells in isthmus, are derived from Lgr5-positive cells (Barker et al. 2010b) suggests that stem cells may switch between a cycling Lgr5-positive state and a quiescent Lgr5-negative state.
THE CELL OF ORIGIN OF INTESTINAL CANCER
Tumors are thought to originate from a single cell. Two concepts were proposed for the origin and migration of tumor cells in the intestine: the "top-down" and "bottom-up" models. The initiation of cancer could be caused by reprogramming of early progenitors or even more differentiated cells, which migrate top down. The "late progenitor" cell of origin of cancer was suggested based on the presence of dysplastic cells at the luminal surface that carried mutations in Apc, whereas crypt cells were normal (Shih et al. 2001 ). Owing to the rapid turnover of the intestine, a mutated transit-amplifying or villus cell would have little time to form a tumor. However, positional cues like the expression of EphB2 are lost in many adenocarcinomas (Batlle et al. 2005) , and it has been shown that mutations in Apc can block progression along the crypt-villus axis (Sansom et al. 2004) . It was shown that cancer can originate from mutations in short-lived progenitors, but that this happens very infrequently and such adenomas develop slowly ).
The bottom-up model defines stem cells as the cell of origin. Apc deletion in Lgr5þ, CD133þ, or Bmi1þ cells in the base of the crypt indeed resulted in efficient and fast generation of adenomas (Sangiorgi and Capecchi 2008; Barker et al. 2009; Zhu et al. 2009 ). The notion that stem cells may play a role in carcinogenesis is supported by the properties attributed to stem cells and cancer (initiating) cells. Both are thought to be able to self-renew and give rise to more differentiated daughters, have active telomerase, and be resistant to apoptosis (Wicha et al. 2006 ).
Within established adenomas or colorectal carcinomas, cells may reside that display stem cell-like properties, so-called cancer stem cells (CSCs). Several markers have been used to isolate potential CSCs and test their tumorigenic potential in xenograft assays (Dalerba et al. 2007; O'Brien et al. 2007; Ricci-Vitiani et al. 2007) . Cells sorted based on CD133 or a combination of epithelial cell adhesion molecule (EpCAM) and CD44 were able to reproduce tumors in immunodeficient mice on serial transplantation. Interestingly, CD133 and CD44 are also expressed in the proliferative compartment of crypts (Zeilstra et al. 2008; Snippert et al. 2009 ). Genetic profiling of Ephb2þ and Lgr5þ expressing cells in the crypt revealed a gene signature specific for ISCs (Barker et al. 2007; Jung et al. 2011) . A large part of the ISC-specific program was overexpressed in colorectal cancer samples. Furthermore, the ISC program was enriched in aggressive, poorly differentiated colorectal cancers compared to more benign welldifferentiated cancers. Although proliferative genes were enriched in all tumor cells, ISC-specific genes marked only a subset of tumor cells (Jung et al. 2011) . Heterogeneity in tumors is also reflected by the fact that not all tumor cells have high nuclear b-catenin (Fodde and Brabletz 2007) . Mainly cells migrating into neighboring stromal tissues and cells located at the invasive front show high nuclear b-catenin staining. Because the tumors were derived from Apc-deficient cells with constitutively high Wnt signaling, Apc-independent b-catenin down-regulating mechanisms may be present within tumors.
Cells with the highest Wnt activity were found to define the colon CSCs (Vermeulen et al. 2010 ). In addition, it was shown that certain CSC properties can be gained or lost depending on the microenvironment. High Wnt activity was preferentially found in cells close to myofibroblasts in xenografts, and coculture of colorectal cancers with colon myofibroblasts or addition of conditioned medium from these cells markedly increased clonogenicity. These results suggest that stemness of colorectal cancer cells is a dynamic process that can be influenced by external factors. Genetic instability in tumors can further modify CSCs and make it difficult to find markers of a targetable pool of cells with stem cell potential (Fodde et al. 2001; Soreide et al. 2006; Odoux et al. 2008) .
Mutations in APC, Axin, and b-catenin are also present in gastric cancer (Ebert et al. 2002; Ushijima and Sasako 2004; Pan et al. 2008) . Gastric cancer patients show accumulation of nuclear b-catenin and abnormal methylation of Wnt pathway genes (Nakatsuru et al. 1992; Park et al. 1999; Clements et al. 2002) . Apc min mice develop tumors in the stomach (Tomita et al. 2007 ) and APC germline mutations in humans give a 10 times higher risk of gastric cancer (Offerhaus et al. 1992) . High Wnt signaling cooperates with inflammatory signaling pathways to contribute to gastric tumor development (Oshima et al. 2006) . For example, Helicobacter infection would lead to tumor necrosis factor-a (TNF-a) expression in macrophages, which in turn stimulates surrounding cells to promote Wnt signaling (Oguma et al. 2008) . Apc deletion in Lgr5þ cells in the stomach leads to efficient tumor formation, suggesting gastric stem cells to be the cells of origin of gastric cancer (Barker et al. 2010b ).
Lgr RECEPTORS MEDIATE R-SPONDIN SIGNALING
The fact that Lgr5 marks stem cells in multiple tissues (Barker et al. 2010a ) raises interest in its function. The study of the role of the Lgr5 receptor has been complicated by the lack of a known natural ligand. Lgr5 belongs to a family of serpentine receptors that are defined by the presence of a large extracellular, ligand-binding domain. Lgr1, 22, and 23 represent the G-protein-coupled receptors for the hormones luteinizing hormone (LH), follicle-stimulating factor (FSH), and thyroid-stimulating hormone (TSH). Lgr7 and -8 are receptors for insulinlike molecules such as Relaxin (reviewed by Barker and Clevers 2010) . Lgr4, 25, and 26 comprise a subfamily within this group of receptors. The proposed fly ortholog of this subfamily, dLgr2, is the receptor for Bursicon (Baker and Truman 2002) . Because the two cysteine-knot-containing subunits of Bursicon are orthologous to vertebrate bone morphogenetic protein antagonists, it was long thought that the ligand for the mammalian Lgr4/5/6 receptors could be found within this family of secreted molecules.
Lgr5 null mice die within 1 day after birth owing to defects caused by fusion of the tongue to the floor of the mouth (Morita et al. 2004) . It has been reported that Lgr5 null neonatal mice show premature Paneth cell differentiation (Garcia et al. 2009 ). However, conditional deletion of Lgr5 in the intestine does not result in a clear crypt phenotype (de Lau et al. 2011 ). In the intestinal crypt, Lgr5 is coexpressed with Lgr4, which has a broader expression pattern throughout the proliferative compartment. Conditional deletion of Lgr4 results in loss of proliferating cells in the crypt and eventual disappearance of many crypts (de Lau et al. 2011) . Additional deletion of Lgr5 enhances this phenotype. Microarrying revealed the loss of a Wnt target gene program, implying that Lgr4 and Lgr5 act agonistically in the Wnt pathway. In a separate study of a hypomorphic Lgr4 mutant mouse, crypt proliferation was moderately affected, but intestinal organoids could not be grown unless the Wnt pathway was activated by the GSK3-inhibitor lithium (Mustata et al. 2011) .
R-spondins are small secreted proteins that have been associated with b-catenin signaling previously. Yet, there has not been a consensus on their mechanism of action. Functionally, R-spondins were shown to activate b-catenin signaling (Kazanskaya et al. 2004 (Kazanskaya et al. , 2008 Kim et al. 2005) and transgenic overexpression of R-spondin1 or injection of recombinant Rspondin protein results in dramatic crypt expansion (Kim et al. 2005) . In disease models, R-spondin1 accelerates regeneration of the intestine after irradiation (Bhanja et al. 2009; Takashima et al. 2011 ). Reduction of R-spondin2 protein did not affect lithium-induced b-catenin activity in Xenopus (Kazanskaya et al. 2004) , indicating that R-spondin functions upstream of the destruction complex.
Two independent studies have shown that all four R-spondin proteins can bind to the leucine-rich domains of Lgr4, Lgr5, and Lgr6 (Carmon et al. 2011; de Lau et al. 2011 ). Moreover, de Lau et al. (2011) found that the Lgr proteins reside as facultative components within Frizzled/Lrp5 -6 complexes. Removal of endogenous Lgr4 was found to abolish the enhancing effect of R-spondin1 but did not inhibit the stimulating effect of Wnt3a (Carmon et al. 2011; de Lau et al. 2011) . Furthermore, the enhancing effect could be rescued with an Lgr5 construct with a mutated "DRY" domain (de Lau et al. 2011) , which is supposed to be essential for G-protein coupling (Flanagan 2005) . Carmon et al. (2011) also reported that G-protein signaling was not activated on Lgr5 engagement by R-spondin1.
Taken together, the Lgr5-related stem cell markers act as receptors for R-spondins. On R-spondin/Lgr5 interaction, the association of Lgr5 with the Frizzled complex subsequently allows the activating signal to be funneled into the canonical Wnt cascade (Fig. 3) . The identification of the Lgr proteins as receptors for the R-spondin Wnt agonists fortifies the tight link between Wnt signaling and adult stem cell biology. The R-spondin proteins as well as the Lgr5 subfamily of receptors appear to be a vertebrate invention. The system functions to augment localized Wnt signals. Thus, these molecules allow expansion of small localized Wnt-driven stem cell niches into larger structures that include transit-amplifying compartments. This vertebrate adaptation of the Wnt pathway may have allowed the appearance of large body sizes within the animal kingdom. 
